Abstract: Formation and fragmentation of beryllium clusters up to 100 atoms were studied using molecular dynamics trajectory simulations. Association rate constants of a single Be atom attachment to Be n clusters, n = 2-20, 30, 40, 50, 60, 70, 80, 90 and 100, and dissociation rate constants of these clusters were calculated directly. Dependence of the dissociation rate constants on temperature is strong and follows the Arrhenius equation. An analysis of the dissociation reactions has shown that beryllium clusters dissociate mainly into single Be atoms. The monomer association reaction depends weakly on temperature but strongly on the size of the cluster.
Introduction
The main goal of the international project ITER (Pitts et al., 2011) is to develop and build a demonstration fusion energy power plant fueled by the fusion reaction between hydrogen isotopes, deuterium and tritium. This fusion occurs in hot plasma with the temperature of 150 million K confined by a strong magnetic field within the reactor based on the tokamak concept, a toroidal shaped device. Unfortunately, inner walls are never fully protected from the plasma. The flow of plasma particles, neutrons, and heat through the magnetic field caused by the turbulence of the edge plasma damages the blanket. Special, detachable first walls are planned for the protection of the blanket facing the incoming particles and heat thus minimizing unwanted damage. Beryllium is planned to be used for the blanket in a vacuum vessel of the tokamak device as the protection against fusion-plasma due to its unique chemical and physical properties; it is often referred to as a plasma-facing component (PFC). At conditions that beryllium parts have to with stand during the runtime, like heat loads or high particle fluxes, diverse processes and interactions take place resulting in erosion of these materials. Initial starters are the impinging particles from plasma and the waste accumulated in the divertor. The further processes range from sputtering and erosion of material, retention, to forming of new alloys with various undesired properties and dust formation. Furthermore, too fixed, expensive, and regulated experiments due to beryllium toxicity are amongst the disadvantages of experimental research and result in increased use of computational material science and theoretical approaches for the simulation and modeling of these processes to explain physics behind them. Still, significant progress in experimental as well as theoretical research on beryllium concerning fusion development has been made. Research done in the Joint European Torus (JET) tokomak (Matthews et al., 2011; Brezinsek, 2011; Litaudon, 2017) and the PISCES-B facility (Doemer et al., 2009; contributed substantially by experiments with beryllium to the knowledge of the important processes like sputtering and D 2 outgassing which serves further as input data for transport codes like ERO (Widdowson et al., 2014) , together with other theoretically obtained data, like rate constants, electron-impact cross sections of small beryllium clusters and sputtering yields or surface binding energy of Be surfaces, using ab initio quantumchemical methods and molecular dynamics simulations (Sun and Fournier, 2005; Safi et al., 2017; Gyoeroek et al., 2016) to uncover the underlying principles of these processes. Concerning this topic and the use of MD for small metal clusters, Li and Truhlar (Li and Truhlar, 2008) studied the association reactions of the Al atom with Al n particles and the unimolecular dissociation of Al n by classical molecular dynamics trajectory simulations and determined thermal reaction rate constants for both reaction types. In the present study, molecular dynamics simulations to determine the association (forward) and dissociation (backward) thermal rate constants for beryllium clusters Be n , n = 2-20, 30, 40, 50, 60, 70, 80, 90 , 100 were performed.
Theory and computational details
Processes of formation (association) and fragmentation of beryllium clusters have been studied employing the reaction schemes:
where Be n clusters are formed by 2-20, 30, 40, 50, 60, 70, 80, 90 and 100 beryllium atoms. In general, the association and dissociation rate constants depend on the concentration of the third body particles (Blais and Truhlar, 1983) . The third body was substituted by a thermostat enabling the addition or removal of the energy from the system necessary to run the reaction. Molecular dynamics simulations were carried out applying the ANT 16 computational code (Zheng, 2016) using the Liouville formulation of the velocity Verlet integrator ) with a time step of 2.0 fs. All simulations were performed at a constant temperature controlled by a two-chain Nosé-Hoover thermostat . Vibrational frequency of the thermostat was 0.05 fs -1
. Interatomic interactions were described by the analytical bond-order potential with a set of parameters for Be I (Björkas et al., 2009 ), i.e. the cut-off for interactions, R cut , is 2.908 Å. Structures of local minima used for the trajectory calculations were obtained from randomly optimized structures by simulated annealing in the range from 10 000 K to 1000 K and subsequently optimized using the BFGS algorithm (Byrdet et al., 1995) at randomly selected intermediate steps. The six lowest energy structures were considered as the local minima and used in further simulations. The dependence of the cohesive energy on the size of the cluster (see Fig. 1 ) shows a convergence (∼ -2.75 eV for Be 100 ). The value for bulk beryllium varies with the structure. Our structures are packed closer than simple cubic ones (-2.31 eV) but they do not reach the values of the body centered cubic, face centered cubic or hexa gonal close-packed (-3.27 eV, -3.16 eV, -3.32 eV, respectively) structures (Bjorkas et al., 2009) . These structures were used to generate the initial conditions of the simulation considering classical phase space distribution of separable harmonic oscillators and they were equilibrated for 20 ps at the target temperature: from 1500 K to 2750 K for Be 1 -Be 10 , from 1750 K to 2750 K for Be 11 -Be 20 and from 2250 K to 2750 K for the rest of the clusters. At temperatures below 1500 K, no significant reactions within the studied time frame were observed. After the equilibration, a total of N traj , N traj = 10000, sets of coordinates and momenta were randomly selected and saved as the initial configurations for the simulation of association and dissociation reactions. The starting configurations obtained by this procedure are not completely uncorrelated because they are calculated from the same initial minimum-energy structure and they are close to each other in the phase space. The procedure was repeated for each local minimum to obtain uncorrelated results. The reported rate constants are represented by the average value of six rate constants obtained from six different sets of trajectory simulations. Rate constant of the monomer association reaction (Eq. 1) was obtained from a trajectory calculation. For each of the initial conditions of the rotating Be n -1 cluster (target), collisions with a Be atom were simulated. The thermal rate constant was obtained by Monte Carlo sampling over all initial conditions including the relative translational energy and the impact parameter between two reactants. Then, the association rate constant, Ass 1,n k , is given as:
Where k B is the Boltzmann constant, m reduced mass, b max is the maximum impact parameter, and
the fraction of reactive trajectories:
where
is the number of reactive trajectories. The value of b max is determined in the following way:
where d max is the maximum distance between the atoms in the target particle and R cut is the maximal potential cutoff radius. The reaction is considered reactive if two conditions are fulfilled. The first one defines, according to Stil linger, that the particle belongs to the cluster if the interatomic distance between the particle and at least one of atoms of the cluster is less than R cut (Stillinger, 1963) . The second one states that the projection of the relative velocity between the two reactants on the vector of their center-of-mass separation changes the sign more than three times. At very high temperatures, the cluster may dissociate into fragments before the atom collides with it, in which case, the trajectory is not counted as associative, i.e. not counted in
and N traj , and is excluded. Rate constant of the fragmentation reaction (Eq. 2) was calculated by monitoring the time evolution of the rotating Be n cluster for each of the initial conditions. The cluster is considered dissociated when the Stillinger's criterion is not met in 50 successive time steps. Then, the time dependence of the dissociation probability is defined:
where N r Frag (t) is the number of dissociative trajectories in time t. In general, the dependence of the dissociation probability on time is exponential and can be described by:
where k n Frag is the total dissociation rate constant which can be obtained by linear-least-square fitting of equation (7). The rate constant of an individual channel can be obtained as:
is the fragmentation-channel probability, the ratio of the number of trajectories dissociating into channel n → (n -m) + m and the total number of dissociative trajectories. This method monitors all fragmentation channels, ensures that the total dissociation rate constant is the sum of the individual channel rate constants and allows comparing various dissociation channels.
Results

Fragmentation of clusters
Fragmentation of clusters was analyzed for each cluster size in order to calculate their proper rate constants. Fig. 2 shows the corresponding rate constants for cluster fragmentation of a cluster size 20 in dependence on temperature. The most probable dissociation channel is the emission of single beryllium atoms from the cluster. The formation of dimers (m = 2) or trimers (m = 3) is not probable. Moreover, the probability of cluster emission decreases with the increasing size of the cluster. This is true for each cluster as shown in Fig. 3 . ) for Ben clusters, n ≥ 10, at 2250 K. The most significant fragmentation channel is the emission of single atoms for each studied cluster size.
The dependence of rate constants of single atom detachment on temperature is presented in Fig. 4 in the linear form as a function of ln( Frag 1 , n k ) = f(1/T) for clusters consisting of 3, 10 and 20 Be atoms. This dependence is linear and the Arrhenius equation was used to extrapolate the activation energies for individual processes. Activation energies, E A , obtained for channel n → 1 + (n -1) for each cluster are given in Fig. 5 . All studied clusters have very similar activation energy and stability. Activation energy is almost constant for the cluster size from 5 to 20 atoms and it is increasing slowly from 2.0 eV to 2.5 eV for cluster size greater than 20 atoms. The only exception was the fragmentation of the dimer and trimer; their activation energy was significantly lower. Total dissociation rate constant depends weakly on the cluster size (see Fig. 6 ), but a small variation of the total dissociation rate constant can be observed at higher temperatures (2750 K) and for big clusters. This contradicts the activation energy analysis of the single atom dissociation (reaction channel n → 1 + (n -1)). An increase of the activation energy leads to a lower reaction rate of this channel. Therefore, since the total dissociation rate increases, the reaction rates of other reaction channels become more significant at higher temperatures. Calculated dissociation rate constants for cluster size of 2-20 are given in Tab. 1-5 at the end of the article. Dissociation rate constants of the cluster size of up to 100 atoms will be provided by the corresponding author upon request. Fig. 6a . Dependence of total dissociation rate constants on the size of the initial cluster at temperatures 2250 K, 2500 K and 2750 K. Cluster size varies from 2 to 20 atoms. Uncertainty of the values is lower than the size of the markers. Fig. 6b . Dependence of total dissociation rate constants on the size of the initial cluster at temperatures 2250 K, 2500 K and 2750 K and for clusters from 10 to 100 atoms. Uncertainty of the values is lower than the size of the markers. 
Association reactions
Rate constants for the cluster formation reactions exhibit an increasing trend in dependence on the temperature as it illustrated in Fig. 7 for the formation of clusters Be 10 , Be 20 , Be 50 and Be 100 . Using the collision theory, the dependence is described by the following formula:
Where A is a fitting parameter dependent on the size of the particle and on the collision frequency, T is the temperature of the system, k B is the Boltzmann constant and E A is the activation energy. This formula allows determining the activation energy for the association reaction by the least square fitting procedure. The activation energy as a function of the product size is presented in Fig. 8 . The expected theoretical value of the activation energy for these reactions is zero due to no apparent barrier, which agrees well with our results for smaller clusters (n < 15). For bigger clusters, calculations predicted the activation energy of around 0.02 eV. This is probably the energy needed to dissociate the bond at the impact site to incorporate an impinging atom. Since the average kinetic energy of beryllium atoms is higher, the efficiency of the reaction depends on its cross section and thus on the size of the target cluster. The smallest clusters had negative values, however, they are affected only at higher temperatures due to the inaccuracy of the method and fitting formula. To investigate the influence of the cluster size on the association reaction rate, the dependence of , where n is the number of atoms, was determined and is presented in Fig 9. The reason to plot the rate constant as a function of n 2/3 is to investigate the relation between rate constant and geometric cross section which is proportional to n 2/3 (Li and Truhlar, 2008) . The observed steep linear dependence proves that the long-range interactions are not included as the used short-range potential was applied. Moreover, the association rate constants for all studied clusters are given in Tab. 6 at the end of the article.
Conclusions
The present paper reports on the rate constants for fragmentation and association reactions of beryllium clusters consisting of 2-100 atoms in the temperature range from 1500 K to 2750 K determined by the analysis of trajectories obtained by MD simulations with the analytical bond-order interaction potential. Beryllium clusters dissociate mainly into single Be atoms. Their stability depends weakly on cluster size and strongly on temperature. Be n clusters easily accept single Be atoms while the reaction rate depends mainly on the temperature and size of the cluster. 
Tab. 1. Dissociation rate constant
